Codon usage and bias has been examined in 20 genes of Schistosoma mansoni. Significant heterogeneity was detected in the patterns of codon usage and bias among genes by metric multidimensional scaling and three general indictors of bias (GC 3S , N c and B). In keeping with observations on sporozoan parasites, codon usage bias was observed to be dependent on the overall base composition of the genes analysed, which in turn was reflected in the types of codons that were over or under-represented in the sequences.
INTRODUCTION
The phylum Platyhelminthes contains the various dorso-ventrally flattened animals known as flatworms (Mehlhorn & Walldorf, 1988) . Most of the flatworms are acoelomate; have bodies that are covered by a tegument, and they are hermaphroditic, in that both male and female reproductive systems occur in the same individual. The class Digenea of the phylum Platyhelminthes contains some 6000 individual species of trematodes (also known as flukes) and probably the most well known of these are the schistosomes because they cause the severe debilitating disease known as schistosomiasis or bilharzia in many of the tropical areas of the world. The genus Schistosoma contains at least 19 recognized species and most of these are pathogens although only seven species are recognized as parasites of man (Johnston et al. 1993) . Recently, it has been estimated that in excess of 200 million people may be affected by schistosomiasis (WHO, 1985 (WHO, , 1990 .
The search for a vaccine against schistosomiasis has resulted in the accumulation of a reasonable body of gene sequence data that is amenable for analysis. Indeed, analyses of codon usage in 19 schistosome sequences (Meadows & Simpson, 1989) and 21 genes of Schistosoma mansoni have been reported (Wada et al. 1990 ). However, analyses such as these are flawed in several important aspects, because these studies considered only the total codon usage summed over all the genes that were studied, and did not take into account any heterogeneity within the data set (Sharp & Devine, 1989; Lloyd & Sharp, 1992 a) . Since it is now well documented that the extent to which alternative synonymous codons are used by an organism is non-random, and that the pattern of codon usage varies not only between species but also between genes of the same species, it is obvious that such approaches can result in ' serious misconceptions' about the patterns of codon usage and bias in S. mansoni (Lloyd & Sharp, 1992a) .
Bias in codon usage may result from the influence of a number of factors such as the amino acid composition of the gene product or directional mutation pressure on the base composition of the genome (Andersson & Kurland, 1990; Osawa et al. 1992) . In addition, genes of unicellular organisms (such as Saccharomyces cerevisiae) that are highly expressed normally show a differential use of synonymous codons compared with other genes expressed at much lower levels (Lloyd & Sharp, 1992a) .
In the study presented here, a complete investigation of codon usage and bias in gene sequences of »S. mansoni is presented. The magnitude of the codon usage bias detected in these gene sequences was determined using three commonly used indices: the G-t-C frequency at silent third codon positions (GC 3S ) (Sharp & Devine, 1989) , the 'effective' number of codons (N c ) (Wright, 1990 ) and the standardized measure of bias in synonymous codon preference (B) based on the formula for average genetic homozygosity used in population genetics (Long & Gillespie, 1990) .
MATERIALS AND METHODS
The data set (shown in Table 1 ) contains 20 genes of 5. mansoni. Gene sequences were extracted from either GenBank or the EMBL sequence data bases using the accession numbers shown. They represent almost a complete set of gene sequence data that is currently available for this organism. Many of them code for proteases, which introduces a potential source of bias into the data. However, they were Karcz et al. 1991 Shoemaker et al. 1992 a Williams et al. 1991 GenBank Neumann et al. 1992 Weston et al. 1993 Cao et al. 1992 Shoemaker et al. 19926 Newport et al. 1988 Klinkert et al. 1989 Dietzel et al. 1992 Rajkovic et al. 1989 GenBank Wright et al. 1990 Laclette et al. 1991 Davis et al. 1987 Francis & Bickle, 1992 Stein et al. 1990 Duvaux-Miret et al. 1991 Craig et al. 1988 * Gene, data base name. f L, length in base pairs (J no initiation codon). § GC, gene G + C content as a fraction. N c , effective number of codons. ** GC 3S , G + C content at silent third positions, •ft B, standardized measure of bias. XX Code, code used in the figures.
chosen for study because they are all greater than 500 bp long and are characterized by a single, major open reading frame (which in 19 out of the 20 is denned by an initiation and a stop codon). Although a large number of partial gene sequences are available for S. mansoni these were excluded from the analysis presented here because the partial sequence may not be typically representative of the complete gene sequence from which it was derived. Such variations result in bias measurements which do not reflect the entire gene sequence.
Codon usage tables were constructed using the routine CODON FREQUENCY in the GCG software package (Devereux, Haeberli & Smithies, 1984) run on a SunSparc computer through the Australian National Genome Information Service.
Heterogeneity in codon usage between genes was investigated by metric multidimensional scaling (Ellis et al. 1993; Belbin, 1989) . This involves displaying codon usage bias among genes as a multivariate analysis ordination which visualizes the relationships among entities as a 2-dimensional graph, where the difference between the entities on the graph represents their differences in codon usage. A 2-dimensional ordination was used, with the euclidean distance measure (Faith, Minchin & Belbin, 1987) .
A computer program CODONS (Lloyd & Sharp, 1992 ft) was used to calculate two of the indicators of codon usage bias for the nucleotide sequences shown in Table 1 , namely N c (Wright, 1990) and GC 3S (Sharp & Devine, 1989) . N c (commonly referred to as the ' effective number' of codons used by a gene) is a general measure of non-uniformity of codon usage and can take values between 20 (for genes which are highly biased and use only one codon for each amino acid) and 61 (for unbiased genes) whereas GC 3S is defined as the frequency of G plus C at silent (i.e. synonymously variable) third positions of sense codons (excluding codons for Trp, Met and stop codons). A standardized measure of bias in synonymous codon preference (B) was also calculated (Long & Gillespie, 1991) .
A ^-goodness of fit test was used to identify codons that were over or under-represented in the data set. The expected codon usage was calculated for synonymous codons on the basis that all synonymous codons might be expected to be used with equal frequency within a gene sequence.
RESULTS
Codon usage was examined in 20 genes of S. mansoni containing 11287 codons (Table 1) . Analysis of the total codon usage summed over all the genes is shown in Table 2 . A x 2 goodness-of-fit test was used to identify codons that were either under or overrepresented in the data set. Twenty-five codons were Codon usage of Schistosoma mansoni over-represented and 28 were under-represented (P < 005). All the over-represented codons contained either A or T at the third base position of the codon and most of the under-represented codons contained either G or C (Table 3) . Twenty-four of the underrepresented codons could be classified as low usage codons since their frequency of usage was extremely low (less than 10/1000 codons) and most of these contained G or C at the third base position (22/24). Most low-usage codons also contained G and/or C at two of the codon positions (21/24). Fifteen out of the 20 stop codons used also contained A at the third base position. The coding region of SCMGLUPER (glutathione peroxidase) contains a stop codon (TGA) that is in-frame and which probably codes for selenocysteine (Williams et al. 1991) . Metric multi-dimensional scaling was used to investigate the overall patterns of codon usage shown by the 20 genes of S. mansoni. In the first instance codon usage of each gene was expressed as a frequency/1000 codons and the data analysed by MMDS (Table 1 and Fig. 1) . The scatter of the data points over the ordination shows that significant heterogeneity exists in the patterns of codon usage shown by the genes in the data set. Since the pattern of codon usage shown by a gene can result from a bias in the amino acid composition of the gene product, codon usage was also expressed as a frequency of synonymous codon usage and the data reanalysed by MMDS. This method of analysis removes the effect of the amino acid composition of the gene product from the measure of codon usage. The results obtained are shown in Fig. 2 . A comparison of Figs 1 and 2 reveals that although the amino acid composition of the gene products does influence the pattern of codon usage shown by these genes, it is the pattern of usage of synonymous codons that has the greatest influence on codon usage. The scatter of the data points over the ordination shown in Fig. 2 therefore shows that large differences exist in the pattern of codon usage used by the 20 genes of S. mansoni.
Three measures of codon usage bias were calculated (GC 3S , N c and B) and the results obtained are presented in Table 1 . GC 3S values vary between 0-05 and 0-47; N c varies between 29-46 and 61-00 and B Fig. 1 . Metric multidimensional scaling (Ellis et al. 1993 ) was used to investigate the pattern of codon usage shown by gene sequences of Schistosoma mansoni. For each gene sequence codon usage was expressed as a frequency/1000 codons ( Table 2) . A 2-dimensional ordination was used, with the euclidean distance measure (Faith et al. 1987) . Gene codes are as in Table 1 .
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-1.5 -2.5 Axis 1 2.5 Fig. 2 . Metric multidimensional scaling (Ellis et al. 1993 ) was used to investigate the pattern of codon usage shown by gene sequences of Schistosoma mansoni. For each gene sequence codon usage was expressed as a fraction of synonymous codon usage (Table 2) . A 2-dimensional ordination was used, with the euclidean distance measure (Faith et al. 1987) . Gene codes are as in Table 1. values vary between 0-067 and 0-564. The variation in these values between different genes indicates substantial heterogeneity in the patterns of codon usage present in genes of this species.
A plot of N c versus B for the 20 genes of S. mansoni is shown in Fig. 3 . The plot shows that 4 genes are significantly biased according to both measures of bias (SCMPMYA1, S79195, SCMMYH and SCMSM24A). All of these genes have peripheral positions in both of the MMDS ordinations of Figs 1 and 2, indicating that their position is a result of codon usage bias.
A plot of GC 3S versus gene GC content is shown in Fig. 4 . The GC 3S values vary between 0-05 and 0-5 whereas the gene GC content varies over a much narrower range (0-3-0-5). Four genes are identified as being highly biased by their GC 3S value and they are SCMPMYA1, S79195, SCMMYH and Table 1 . The patterns of codon usage bias detected were further studied using a ^; S. mansoni. In the first instance, a codon usage table was constructed from 5 gene sequences that were denned as unbiased in that these genes clustered together in the MMDS and had high N c , GC 3S values and a low value of B (SCMFERA, SCMG-LUPER, SCMIMP23A, SCMHSP86 and SCMC-PROT). The ^2-goodness-of-fit test revealed only 4 codons that were over-represented (GGT (Gly), GAT (Asp), GCA (Ala), CGT (Arg) and 3 codons that were under-represented (GGG (Gly), GAC (Asp) and CTA (Leu) P < 005). In contrast, a codon usage table was compiled from each of the 4 genes that were identified as having a biased pattern of codon usage (SCMMYH, S79195, SCMPMYA1 and SCM-SM24A). A # 2 -goodness-of-fit test of these data revealed 22 codons that were overrepresented and 30 codons that were underrepresented (Table 3 ). All of the over-represented codons contained either A or T at the third base position of the codon, whereas all (except 2) codons that were under-represented contained either G or C at this position. The overall identity of the codons that were either over or under-represented were similar to those identified in the total data set (Table 3) .
DISCUSSION
Codon usage and bias has been examined in 20 genes comprising 11287 codons from the trematode S. mansoni. Meadows & Simpson (1989) analysed the overall pattern of codon usage shown by 19 genes from two schistosome species (S. mansoni and S. japonicum). More recently, Wada et al. (1990) similarly presented a codon usage analysis of 21 genes of 5. mansoni. However, as pointed out by Lloyd & Sharp (1992a) , analyses such as these are flawed in several important aspects. In the first instance, the data set of Meadows & Simpson (1989) contained genes from two schistosome species. Secondly, and of more importance is the fact that both of these studies considered only the total codon usage summed over all the genes, and did not take into account any heterogeneity within the data set (Sharp & Devine, 1989; Lloyd & Sharp, 1992a) . It is now well documented that the extent to which alternative synonymous codons are used by an organism is non-random, and that the pattern of codon usage varies not only between species but also between genes of the same species. The analysis presented here shows that this is also the case for genes of 5. mansoni. Significant levels of codon usage bias were detected by 3 general indicators of codon usage bias (GC 3S , N c and B). Like the sporozoan parasites (Ellis et al. 1994) , the magnitude of the bias observed was dependent on the overall base composition of the genes analysed. Such a conclusion has also been drawn for a wide range of taxa (Bernardi & Bernardi, 1985) . The identification of a large number of low usage codons, many of which contain G and/or C at 2 of the 3 base positions within a codon, provides further evidence in support of this concept. This is partially explained by the fact that since the base composition of schistosomes is only 34% GC (G. Hillyer, 1974 , cited by Meadows & Simpson, 1989 dinucleotides containing G and/or C are generally under-represented in schistosome DNA.
Many of the schistosome genes revealed only low levels of bias and the large number of codons found to be either over or under-represented in the total codon analysis were not similarly reflected in these genes. The pattern of codon usage bias revealed by the total codon analysis could generally be explained by bias detected in just 4 genes of the data set (SCMMYH, SCMPMYA1, . A variety of explanations may account for the bias detected. For example, both paramyosin (SCMPMYA1) and myosin heavy chain (SCM-MYH) proteins contain characteristic amino acid repeats that explain some but not all of the bias detected in these 2 genes (compare their positions on the ordinations of Figs 1 and 2) (Weston et al. 1993; Laclette et al. 1991) . However, although the amino acid composition of the gene product does influence the pattern of codon usage in these 2 genes it is the pattern of synonymous codon usage that has the largest effect on the codon usage observed.
In unicellular organisms genes that are highly expressed also show codon usage bias and therefore the discovery of bias in S79195 (the alpha tubulin gene which is normally expressed at high levels in a cell) is not that surprising (Andersson & Kurland, 1990; Osawa et al. 1992) . It is possible that bias in S. mansoni may reflect the magnitude of gene expression; however, the available evidence does not support this concept. For example, during the isolation of the SCMPMYA1 and SCMCM24A from cDNA libraries only 0-026 (Laclette et al. 1991) and 0-034% (Francis & Bickle, 1992) of the total number of clones screened were positive implying that the mRNA from these genes is present at only low levels in the total mRNA pool of S. mansoni. In contrast SCMFERA (Dietzel et al. 1992) , SCME-GFRA (Shoemaker et al. 1992 a) , SCMTPIPR (Shoemaker et al. 19926) , SCMPRSM (Davis, Nanduri & Watson, 1987) , SCMGLUPER (Williams et al. 1991) , SCMCPROT (Newport et al. 1988) and SCMCALPAIN (Andresen, Tom & Strand, 1991) transcripts constitute approximately 0-0008, 0003, 0-006, 0-008, 0-2, 0-32 and 0-32% of the total mRNA pool respectively. Even though the representation of a cDNA within a cDNA library is an extremely inaccurate method for estimating mRNA levels there is no obvious correlation in this data set between the pattern of codon usage detected and the level of gene expression.
Finally, it has been shown that the genomes of eukaryotic organisms may comprise a mosaic of long regions of different base composition ('isochores') and that the base composition of genes is related to their genomic context (Sharp & Lloyd, 1993) . One possible explanation for the variation in gene GC content seen in the study presented here is that the genome of 5. mansoni, like yeast, human, birds and monocoytledenous plants, has an isochore structure and that variations in isochore GC content are reflected in the GC content of the genes studied.
